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ABSTRAK 
Cecair fasa bukan akues adalah pencemaran air bumi ‎dan tanah yang lazim.‎ Produk 
petroleum, sebagai contoh cecair-cecair ini, ‎berpotensi tinggi bocor ke dalam air bumi 
akibat ‎aktiviti perindustrian dan pengangkutan. ‎Keliangan berganda adalah fenomena 
semula jadi ‎yang boleh dijumpai dalam banyak jenis tanah. ‎Kehadirannya dalam sistem 
subpermukaan boleh ‎menjejaskan kelakuan geobahan dan juga aliran ‎bendalir berbilang 
fasa melaluinya akibat adanya dua ‎jenis keliangan. ‎Kajian ini dijalankan untuk 
mengkaji kelakuan satu ‎jenis pencemar yang paling banyak tersebar iaitu ‎penghijrahan 
cecair fasa bukan akues (NAPL) dalam ‎tanah keliangan berganda di bawah keadaan 
yang ‎berbeza menggunakan teknik transmisi visualisasi ‎cahaya (LTV). ‎NAPL yang 
dipertimbangkan dalam kajian ini adalah ‎hasil daripada pelarut berklorin dan sebatian 
petroliam ‎seperti tetrachloroethlene (PCE) dan toluena. ‎Media keliangan berganda 
terdiri daripada campuran ‎pasir silika tempatan (liang makro) dan bebola kaolin ‎tanah 
liat tersinter (liang mikro) yang disusun secara ‎berkala. ‎Eksperimen makmal telah 
direka dan dijalankan ‎dalam keadaan yang berbeza yang mewakili ‎penghijrahan NAPL 
dalam sistem fasa dua bendalir, ‎sistem fasa tiga cairan dan penghijrahan NAPL di 
‎bawah pengaruh hujan. ‎Lima eksperimen telah diulang menggunakan media 
‎berkeliangan tunggal untuk menyiasat pengaruh liang-‎liang makro di antara pasir dan 
bebola kaolin ketika ‎penghijrahan NAPL. ‎Liang makro didapati berpengaruh dalam 
‎penghijrahan NAPL sejak jumlah liang makro sangat ‎besar berbanding dengan liang-
liang. ‎Sebelum memulakan eksperimen makmal, persamaan ‎diperolehi untuk mengira 
ketepuan NAPL tumpat ‎(DNAPL) dalam keliangan berganda secara piksel ke ‎piksel 
berdasarkan kaedah LTV. ‎Penggunaan teknik LTV dengan serta-merta dapat 
‎menangkap imej penghijrahan DNAPL dalam media ‎berliang. ‎Imej-imej yang 
ditangkap telah dimasukkan melalui ‎perisian pemprosesan imej, mengubah imej digital 
‎kepada nilai-nilai tahap kelabu yang kemudiannya ‎digunakan dalam penciptaan semula 
dan plotan ‎proses pengagihan DNAPL. ‎Hasilnya menunjukkan bahawa teknik LTV dan 
‎analisis imej berjaya digabungkan untuk ‎mendapatkan ketepuan NAPL dalam keliangan 
‎berganda. ‎Kaedah ini telah disahkan menggunakan ‎keseimbangan jisim di mana isipadu 
DNAPL disuntik ‎dibandingkan dengan isipadu yang dikira ‎menggunakan analisis imej. 
‎Selain itu, analisis statistik digunakan untuk ‎mengesahkan ketepatan kaedah.‎ Hubungan 
korelasi yang kukuh diperolehi antara ‎isipadu DNAPL yang disuntik dan isipadu yang 
dikira ‎dalam semua eksperimen (R2 > 0.90). ‎Keputusan menunjukkan sedikit perbezaan 
di antara ‎cara eksperimen berulang yang menunjukkan bahawa ‎kaedah ini dapat 
digunakan untuk pemantauan ‎penghijrahan DNAPL dalam medium keliangan 
‎berganda.‎Tambahan pula, keputusan tersebut menunjukkan ‎bahawa liang makro 
mempunyai kesan yang ‎signifikan terhadap kedua-dua penghijrahan LNAPL ‎dan 
DNAPL dalam tanah kelianga berganda di mana ‎NAPL adalah lebih pantas dalam tanah 
keliangan ‎berganda berbanding dengan tanah keliangan tunggal ‎kerana jumlah liang 
makro. ‎Kebolehbasahan bendalir dan ciri-ciri tekanan kapilari ‎yang wujud di dalam 
liang tanah didapati faktor yang ‎berpengaruh dalam penghijrahan bendalir dalam ‎media 
berliang. ‎Kejadian kebolehbasahan dalam sistem fasa tiga ‎bendalir menyebabkan NAPL 
menjadi lebih perlahan ‎berbanding penghijrahan dalam sistem fasa dua ‎bendalir. ‎Di 
samping itu, keputusan menunjukkan bahawa sifat ‎kimia seperti faktor rencatan dan 
pekali pengagihan ‎mempunyai pengaruh yang signifikan terhadap ‎penghijrahan LNAPL 
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dan DNAPL dalam media ‎berliang. ‎Imbuhan hujan didapati faktor yang berpengaruh 
‎pada penghijrahan cecair ringan fasa bukan akues ‎(LNAPL) dalam tanah keliangan 
berganda. ‎Aliran air hujan yang menyusup ke dalam tanah ‎menyebabkan LNAPL yang 
terperangkap dalam ‎media berliang ditolak ke bawah dalam semua ‎eksperimen tidak 
kira isipadu LNAPL dan keamatan ‎hujan.‎ Tambahan pula, diperhatikan bahawa paras 
pinggiran ‎kapilari tertekan di zon tepu disebabkan oleh ‎pengaruh imbuhan hujan pada 
kepulan LNAPL.‎ 
Secara keseluruhan, penerapan teknik LTV berjaya ‎menyediakan kaedah yang tidak 
mengganggu dan ‎tidak merosakkan untuk penyiasatan kelakuan NAPL ‎dalam media 
tanah keliangan berganda dalam aliran ‎bendalir berbilang fasa tanpa mengganggu 
sampel ‎tanah.‎ 
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ABSTRACT 
Non-aqueous phase liquid is a common form of groundwater and soil contamination. 
Petroluem products, as an example of these liquids, have a high potential of leaking into 
groundwater due to industrial and transportation activites. Double-porosity is a natural 
phenomenon that can be found in many types of soil. Its presence in the subsurface 
system can significantly affect the behaviour of geomaterials as well as the multiphase 
fluid flow through it due to the presences of two types of porosities. This research was 
undertaken to study the behaviour of one type of the most wide spread contaminant 
which is the non-aqueous phase liquids (NAPLs) migration in double-porosity soil 
under different conditions using light transmission visualization (LTV) technique. The 
NAPLs considered in this study are the resulted from chlorinated solvents and 
petroleum compounds such as tetrachloroethlene (PCE) and toluene. The double-
porosity media composed of a mixture of local silica sand (macro-pores) and sintered 
kaolin clay spheres (micro-pores) arranged in a periodic manner. The laboratory 
experiments were designed and carried out under different conditions which represent 
the NAPL migration in two-fluid phase systems, three-fluid phase systems and the 
NAPL migration under the influence of rainfall recharge. Five experiments were 
repeated using a single-porosity media to investigate the influence of the macro-pores 
between the sand and kaolin spheres on the NAPL migration. Macor-pores was found to 
be an influential in the NAPL migration since the volume of macro-pores is very large 
as compared to micro-pores. Prior of starting the laboratory expriments, equations were 
derived to calculate the Dense NAPL (DNAPL) saturation in double-porosity pixel by 
pixel based on LTV method. The usage of the LTV technique can instantaneously 
capture the DNAPL migration in the porous media. The captured images were fed 
through an image processing software, transforming the digital images into grey level 
values that were subsequently used in the re-creation and plotting of the DNAPL 
distribution process. The results demonstrated that the LTV technique and image 
analysis were successfully combined to obtain the DNAPL saturation in double-
porosity. The method was validated using mass balance where the injected volumes of 
DNAPL were compared to the calculated volumes using image analysis. Moreover, 
statistical analysis was used to validate the accuracy of the method. Strong correlation 
was obtained between the injected DNAPL volumes and the calculated volumes in all 
of the experiments (R
2
 > 0.90). The results show a slight difference between the means 
of the repeated experiments which indicates that the method is viable for monitoring 
DNAPL migration in double-porosity medium. Furthermore, the results show that the 
macro-pores have a significant effect on both LNAPL and DNAPL migration in double-
porosity soil where the NAPL was much faster in double-porosity soil compared to 
single-porosity soil due to the volume of the macro-pores. Wettability of fluids and 
capillary pressure characteristics that exist in the soil pores were found to be influential 
factors in fluid migration within porous media. The occurrence of the wettability in the 
three-fluid phase system caused the NAPL to be more slower as compared to the 
migration in two-fluid phase system. In addition, the results show that chemical 
properties such as retardation factor and distribution coefficient have a significant 
influence on the LNAPL and DNAPL migration in porous media. Rainfall recharge was 
found to be an influential factor on the light non-aqueous phase lqiuid (LNAPL) 
migration in double-porosity soil. The flow of rainwater that seeped thrpugh the soil 
caused the LNAPL entrapped in the porous media to be pushed downward in all the 
experiments regardless of the LNAPL volume and rainfall intensity. Furthermore, it 
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was observed that the capillary fringe level was depressed in the saturated zone due to 
the influence of the rainfall on LNAPL plume.  
Overall, the application of the LTV technique successfully provides a non-intrusive and 
non-destructive tool in investigating the NAPL behaviour in double-porosity soil media 
in multiphase fluid flow without disturbing the soil samples. In addition, the LTV 
method is a viable method in investigating and predicting the DNAPL migration in 
groundwater which can help the researchers in desinging the remediation tools. 
 
